Streptococcus faecalis var. zymogenes was grown aerobically and anaerobically in the presence and absence of haematin, with glycerol as the carbon and energy source. Aerobic growth was stimulated by the inclusion of haematin in the medium but fumarate had no effect on growth. The bacterium was unable to grow anaerobically on glycerol unless fumarate was present; haematin had no effect on growth. NADH oxidase activity, which catalysed the oxidation of NADH + H+ to form H,O rather than H,O,, was found in the soluble fraction and was induced by aerobic growth but partially repressed when haematin was present in the medium. In contrast, a particulate NADH oxidase, which was sensitive to inhibition by antimycin A and 2-heptyl-4-hydroxyquinoline N-oxide, was induced by aerobic growth in the presence of haematin. NADH peroxidase was massively induced by aerobic growth, whereas more lactate dehydrogenase activity was found in anaerobically grown bacteria. Catalase was formed only during aerobic growth in the presence of haematin.
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I N T R O D U C T I O N
D o h (1953, 1955) showed that Streptococcus faecalis strain 1OC 1 grown under 'essentially anaerobic' conditions forms a soluble, flavin-containing NADH peroxidase that catalyses:
The enzyme has been purified and characterized (Dolin, 1957 (Dolin, , 1960a (Dolin, , b, 1975 (Dolin, , 1977 . Dolin (1953 Dolin ( , 1955 also reported the presence of a soluble NADH oxidase flavoprotein in S . faecalis strain 1OC 1 that catalyses:
In contrast, Hoskins et al. (1962) purified an FAD-linked NADH oxidase from aerobically grown S. faecalis strain 1OC 1 that catalyses:
with liberation of only very small amounts of H,O, as an intermediate. Other lactic acid bacteria also form flavoproteins with NADH oxidase and peroxidase activities (Walker & Kilgour, 1965; Bruhn & Collins, 1970; Anders et al., 1970; Gotz et al., 1980) . When grown anaerobically streptococci ferment sugars principally to lactate. NADH produced during catabolism is reoxidized via lactate dehydrogenase (Garvie, 1980) . Under aerobic growth conditions NADH is presumably reoxidized by NADH peroxidase and oxidase. Pyruvate can thus be fermented to other end-products with an increase in growth yield (Moustafa & Collins, 1968; Bryan-Jones & Whittenbury, 1969; Brown & 
. Although a few species form haem-less pseudo-catalases, most lactic acid bacteria are catalase-negative when grown in haem-free media (Whittenbury, 1960 (Whittenbury, , 1964 Delwiche, 1961; Johnston 8z Delwiche, 1962; Clarke 8z Knowles, 1980) . NADH peroxidase may therefore act to remove H 2 0 , produced by aerobic cultures of species unable to form a pseudo-catalase.
Streptococcus faecalis and some other lactic acid bacteria can form catalase and cytochromes when the aerobic growth medium is supplemented with haematin, blood or a haemoprotein (Knowles, 19 80) . This results in formation of an energy-transducing respiratory system (Pritchard 8z Wimpenny, 1978; Clarke & Knowles, 1980) . During growth in haem-containing media there may be a lower requirement for the soluble NADH peroxidase and oxidase flavoproteins. However, little is known about the effect of haematin addition to the growth medium on their synthesis (Pritchard 8z Wimpenny, 1978) .
In this paper, we report the effects of aeration and addition of haematin during growth on the formation of the soluble NADH oxidase and peroxidase, lactate dehydrogenase, catalase and the respiratory chain-linked NADH oxidase by Streptococcus faecalis var. zymogenes. Glycerol was selected as the carbon source as its oxidation by aerobically grown bacteria involves the obligate formation of H 2 0 2 by glycerophosphate oxidase (Jacobs & VanDemark, 1960a, b; Esders & Michrina, 1979 ; S . Y. R. Pugh & C. J. Knowles, unpublished observations).
M E T H O D S
Organism and growth. The bacterium used was Streptococcus faecalis var. zymogenes, maintained and grown in liquid medium as described previously (Clarke & Knowles, 1980) . For aerobic growth the medium was adjusted to pH 6.5 with H,SO, prior to heat sterilization at 121 "C; for anaerobic growth it was adjusted to pH 7-1. Glycerol was added to give a final concentration of 8 mM. Where indicated, fumarate, glucose, glycerol 3-phosphate and haematin ( 5 mg ml-' solution in 0.02 M-KOH, sterilized by filtration) were added to give final concentrations of 16 mM, 4 mM, 8 mM and 10 pg ml-', respectively. For experiments involving the addition oftrace metals, stock solutions were prepared as described by Bauchop 8c Elsden (1960) . The organism was grown aerobically (400 ml medium in 2 1 conical flasks) in an orbital shaker (200 rev. min-') at 35 OC. Anaerobic growth was carried out in an adapted 1 1 fermenter vessel (1 1 Quickfit Scientific fermenter with five-port lid) containing 1 1 medium. The medium was sparged with 0,-free CO, for 1 h prior to inoculation; this removed 0, and lowered the pH to 6.5. During growth a slow stream of 0,-freekO, (100 ml min-I) passed over the surface of the culture. The temperature was maintained at 35 "C via a 'hot finger'. A water-cooled condenser prevented evaporation of medium. Substrates and inoculum were added to the medium via a port, sealed with a serum cap, at the base of the fermenter. Initial measurements of anaerobic growth were made using a series of tightly sealed 8 ml bottles filled to the neck. The entire contents of a bottle were used to estimate growth at suitable times after inoculation. Resazurin (0.1 mg 1-I) was used as an indicator of anaerobiosis (Pirt, 1975) . For both aerobic and anaerobic growth a 2% (w/v) inoculum of a culture grown aerobically for 12 h on glycerol in the absence of haematin was used to initiate growth.
Preparation of cell-free extracts. Bacteria were harvested and disrupted by sonication as described previously (Clarke & Knowles, 1980) . The cell-free extract was centrifuged at 150000 g for 90 min at 4 "C to obtain the soluble and particulate fractions.
Determination of protein. The method of Lowry was used and the absorbance was measured at 500 nm. Bovine serum albumin was used as a standard. Samples were diluted at least 25-fold to minimize interference by haematin.
Enzyme assays. These were performed at 35 "C in 3 ml reaction volumes. NADH oxidase was measured either by 0, uptake using an oxygen electrode (Rank Bros, Bottisham, Cambs., U.K.) or by the decrease in absorbance at 340 nm. The reaction was started by adding NADH (0.16 mM for the spectrophotometric assay; 1.6 mM for the polarographic assay) to 100 mM buffer containing 50-500 pg particulate or supernatant fraction protein. The buffers used were sodium acetate/acetic acid (pH 4.5-5.6), KH,PO,/K,HPO, (pH 5.6-8-0) and Tris/HCl (pH 8.0-9.0). Inhibitor studies were carried out at pH 7.5 using the oxygen electrode. KCN and NaN, were added in neutralized, aqueous solution. Antimycin A and 2-heptyl-4-hydroxyquinoline N-oxide (HOQNO) were added in 30 pl dimethylformamide. Control experiments were carried out using the solvent only. Particulate and supernatant fractions were incubated with the inhibitor for 1-10 min before initiating the reaction by addition of NADH. NADH peroxidase was measured by the decrease in absorbance at 340nm on addition of NADH (0-16 mM) to a reaction mixture containing 1.3 mM-H2o2, 50-500 pg supernatant fraction protein and 100 mM Growth and enzyme synthesis by S. faecalis 101 1 buffer, as indicated above. Peroxidase activity was determined by correcting the measured activity for NADH oxidase activity. It was found that adding H,02 to the supernatant fraction before NADH, and estimating peroxidase activity by correction for NADH oxidase activity measured separately, gave higher values for NADH peroxidase than were obtained by stimulating NADH oxidation by addition of H,O, after NADH. This is probably due to the inhibitory effect of NADH caused by formation of an unstable intermediate that decays to an inactive form of the enzyme (Dolin, 1975 (Dolin, , 1977 . H20, was standardized by titration against KMnO,. Other peroxidase activities were measured in a similar manner to NADH peroxidase. The substrates used were 0.3 mM-o-dianisidine, 500 pg reduced cytochrome c ml-l, 0.5 mwguaiacol and 4.6 mM-p-phenylenediamine, and the changes in absorbance were measured at 460 nm, 550 nm, 470 nm and 500 nm, respectively. Lactate dehydrogenase (EC 1.1.1.27) was assayed by the method of Wittenberger & Angelo (1970) using cell-free extracts. The reaction mixture contained 100 ~M-KH,PO,/K,HPO, buffer (pH 6-0), 5 mwpyruvate and 1 mwfructose 1,6-bisphosphate. The reaction was initiated by addition of NADH (0.16 mM). Lactate dehydrogenase activity was determined by subtracting NADH oxidase activity. Catalase (EC 1.1 1 . 1 .6) activity was measured polarographically (Dempsey et al., 1975) . The assay mixture contained 100 ~M-KH,PO,/K,HPO, buffer (pH 7.0) and 5 13 pM-H202. The reaction was initiated by addition of particulate or supernatant fraction. The response of the oxygen electrode was calibrated using 10 pl of a 1 mg ml-' solution of bovine liver catalase and 10-5 13 ~M-H,O,. Chemicals. Tryptone, yeast extract and purified agar were obtained from Oxoid. 0,-free CO, (white spot) was obtained from British Oxygen. Antimycin A was obtained from Nutritional Biochemicals (Cleveland, Ohio, U.S.A.). Haematin, bovine serum albumin, bovine liver catalase, cytochrome c (type 111), m-a-glycerol 3-phosphate (crystallized three times from ethanol) and HOQNO were obtained from Sigma. Other chemicals were obtained from Sigma, Fisons or BDH. Glass-distilled water was used throughout.
R E S U L T S
We have previously shown that haematin (at 10 pg ml-l) stimulates growth of S. faecalis var. zymogenes in a medium containing glycerol as the carbon and energy source under aerobic growth conditions (Clarke & Knowles, 1980) . This was confirmed, as shown in Fig.  1 (a) , which also indicates that no growth occurred when glycerol was replaced by glycerol 3-phosphate. Addition of fumarate to the medium had no effect on aerobic growth on glycerol. The initial pH of the medium for growth on glycerol (with or without haematin) was 6 -5 and the final pH was 6.2.
Under anaerobic growth conditions there was little growth on glycerol unless fumarate was added to the medium (Fig. 1 b) . Addition of haematin to the medium did not promote growth on glycerol, nor did it enhance growth on glycerol plus fumarate. The initial pH of the medium for growth on glycerol plus fumarate was 6.5 and the final pH was 6 -2 to 6.3. There was no growth on glycerol 3-phosphate (with or without fumarate or haematin). Figure 2 shows the activities of NADH peroxidase and NADH oxidase of the supernatant fraction at various pH values. In agreement with previous reports on other Streptococcus species, the oxidase had an optimum at pH 7.5 and the peroxidase had an optimum at pH 5.4 (Dolin, 1953 (Dolin, , 1955 Wimpenny, 1978) . The activity of NADH peroxidase was higher in acetate buffer than in phosphate buffer. This was because the enzyme was activated by anions (Dolin, 1957) , and acetate had a somewhat greater stimulatory effect at the buffer concentrations used (100 mM). Activity of the peroxidase (in 100 mwacetate buffer, pH 5.4) in bacteria grown aerobically in the presence of haematin (Fig. 2a) was 2136 & S.D. 230 (6 determinations) nmol NADH min-' (mg protein)-'. Similar values were obtained for aerobic growth in the absence of haematin. Little NADH peroxidase activity was found in anaerobically grown S. faecalis var. zyrnogenes. Irrespective of whether haematin was absent (Fig. 2b) or present in the growth medium, NADH peroxidase activity was in the range 100-300 nmol NADH min-' (mg protein)-'.
NADH oxidase activity of the supernatant fraction prepared from cell extracts of S. faecalis var. zymogenes was higher in bacteria grown aerobically than anaerobically, with partial repression of synthesis when haematin was included in the aerobic growth medium (Fig. 2 and Table 1 ). In contrast, NADH oxidase activity of the particulate fraction was induced by inclusion of haematin in the aerobic growth medium. There was concomitant formation of respiratory-linked energy-transduction, as indicated by measurement of proton extrusion in response to 0,-pulses (Clarke & Knowles, 1980) . Considerable variation in the supernatant and particulate fraction NADH oxidase activities was observed with different preparations of bacteria (Table l) , but the ratio of the activities was consistently much higher for bacteria grown aerobically in the absence of haematin than for bacteria grown aerobically in the presence of haematin. To determine whether the NADH oxidase present in the supernatant fraction catalysed reaction (2), as suggested by Dolin (1953 Dolin ( , 1955 , Anders et al. (1970) and Gotz et al. (1980) , or reaction (3), as suggested by Hoskins et al. (1962) and Bruhn & Collins (1970) , the initial rates of NADH oxidation (spectrophotometric assay) and 0, uptake (polarographic assay) were measured simultaneously, as was the total 0, uptake for a given quantity of NADH oxidized. The ratio NADH : O , for reaction (2) would be 1 : 1 whereas for reaction (3) it would be 2 : 1. However, if reaction (1) plus reaction (2), or reaction (2) plus H,O, decomposition via catalase were occurring, then the ratio would again be 2 : 1. Bacteria grown aerobically in the absence of haematin did not form catalase (see below). Moreover, at pH values greater than about pH 7.0 the NADH peroxidase activity was very much lower than the NADH oxidase activity (Fig. 2) . The ratio of the initial rates of NADH oxidation and 0, consumption was 2.1-2.3 : 1.0, in the pH range 5.6-9.0. The ratio of total NADH oxidation to total 0, reduction was also 2 : 1. These values were unaffected by inclusion of bovine liver catalase in the reaction mixture. Bacteria grown anaerobically had very little NADH peroxidase and no catalase activity. Again, the ratio of the initial rates of NADH oxidation and 0, consumption was 2 : 1, as was the ratio of total NADH to 0, utilization. These results reinforce the view that the soluble FAD-linked NADH oxidase reacts according to equation (3). A ratio of 2 : 1 was also seen for the NADH oxidase of the particulate fraction, which did not exhibit any NADH peroxidase activity whatever the growth conditions.
S . Y . R . P U G H A N D C . J . K N O W L E S
The difference in properties of the membrane-bound and soluble NADH oxidases was highlighted by their responses to inhibitors. N ADH oxidase of the supernatant fraction derived from bacteria grown aerobically in the presence of haematin was inhibited by low concentrations of cyanide or azide but was unaffected by antimycin A and HOQNO. NADH oxidase of the particulate fraction was unaffected by low concentrations of cyanide or azide but was 50-60% inhibited by antimycin A and HOQNO (Fig. 3) . A higher concentration of cyanide (3 mM) caused 50% inhibition of the oxidase found in the particulate fraction. The degree of inhibition by cyanide and azide of the oxidase present in the supernatant fraction was time-dependent; 10 and 5 min preincubation, respectively, of the supernatant fraction with inhibitor prior to NADH addition was necessary for the maximal inhibitory effect. For the other inhibitors, only 1 min preincubation was used. NADH peroxidase was not inhibited by up to 3 mhl-cyanide.
FAD has been reported to stimulate the soluble NADH oxidase of various lactic acid bacteria (Dolin, 1955; Walker & Kilgour, 1965; Anders et al., 1970) . Addition of FAD or  FMN (30-300 p~) to the assay system for oxidation of NADH by S . faecalis var. zymogenes also stimulated 0, uptake but this was a non-enzymic effect.
D o h (1953, 1955) showed that addition of Mn2+ to crude extracts of S. faecalis strain lOCl caused stimulation of NADH oxidase activity. This was not seen for oxidation of NADH by the supernatant fraction derived from S. faecalis var. zymogenes. Clarke & Knowles (1980) found that addition of trace metals to the aerobic glycerol-containing, haem-free growth medium caused a drop in the growth yield and accumulation of toxic H,02 in the growth medium. A possible reason for this was that trace metals inhibited NADH peroxidase activity. We found that a mixture of trace metals caused 77% inhibition of NADH oxidase activity and 67 % inhibition of NADH peroxidase activity, but individual metals caused only 1-29% inhibition of either enzyme. Combinations of two or more metals tended to cause greater inhibition. In particular, Fe plus Cu caused 86 % inhibition of NADH oxidase and Mg, Ca, Mn and Zn caused 49% inhibition of the peroxidase. It is therefore difficult to determine whether inhibition of these enzymes was responsible for H20, accumulation during growth in the presence of trace metals. Furthermore, addition of Mn2+ (2.5 PM) to the growth medium caused partial inhibition of growth and H20, accumulation, yet had only a small effect on the NADH oxidase and peroxidase activities.
Catalase activity was found only in extracts of bacteria grown aerobically in the presence of haematin, and was located primarily in the supernatant fraction. Peroxidase activities using ferro-cytochrome c, o-dianisidine, guaiacol and p-phenylenediamine occur in a range of organisms (see Claiborne & Fridovich, 1979) . It was thus possible that aerobically grown S . faecalis var. zymogenes might exhibit one or more these activities due either to a separate enzyme or a secondary reaction of NADH peroxidase or catalase. However, the supernatant fraction derived from bacteria grown aerobically in the presence of haematin showed only low activities with any of the peroxidase substrates other than NADH.
Lactate dehydrogenase activity was greater in anaerobically grown bacteria than aerobically grown bacteria: 22.7 & 2.9 (12) and 2.7 k 1.0 (12) pmol NADH oxidized min-' (mg protein)-', respectively. Addition of haematin to the growth medium did not markedly affect synthesis of the enzyme: anaerobic and aerobic levels were 25.0 k 4 -2 (12) and 7.5 & 5 . 1 (12) ymol NADH oxidized min-' (mg protein)-', respectively.
D I S C U S S I O N
Several Streptococcus species are able to utilize glycerol, some only aerobically whereas others can grow on it anaerobically in the presence of fumarate (Gunsalus & Sherman, 1943; Gunsalus & Umbreit, 1945; Gunsalus, 1947; Jacobs & VanDemark, 1960a; London, 1968; Esders & Michrina, 1979) . Streptococcus faecalis var. zymogenes is also able to grow aerobically on glycerol, as well as anaerobically in the presence of fumarate (Fig. 1) .
Anaerobic growth on glycerol occurs because fumarate acts as an electron acceptor, either as an electron 'sink' or via an energy-transducing respiratory system. Kroger (1980) has shown that energy-transducing bacterial respiration to fumarate is usually mediated via respiratory systems containing b-type cytochromes. Since lactic acid bacteria do not form cytochromes when grown in haem-free media (Knowles, 1980) , fumarate probably acts simply as an electron 'sink' in S. faecalis var. zymogenes. Moreover, anaerobic growth on glycerol plus fumarate was not stimulated by addition of haematin to the medium. Attempts to demonstrate uncoupler-sensitive proton-extrusion with fumarate as an acceptor, using the technique of Clarke & Knowles (1980) , have been unsuccessful. Such activity has been shown in other fumarate-utilizing bacteria (Kroger, 1980) . Aerobically grown S. faecalis strain 1OC 1 catabolizes glycerol by glycerol kinase and glycerol-3-phosphate oxidase. Anaerobically it is metabolized via glycerol dehydrogenase (Jacobs & VanDemark, 1960a) . Other lactic acid bacteria form glycerol-3-phosphate oxidase (Strittmatter, 1959; Jacobs & VanDemark, 1960b; Koditschek & Umbreit, 1969; Esders & Michrina, 1979) . Preliminary experiments (S. Y. R. Pugh & C. J. Knowles, unpublished observations) suggest a similar pattern of aerobic and anaerobic utilization of glycerol by S. faecalis var. zymogenes. Failure of the organism to transport glycerol 3-phosphate is a probable explanation for its inability to grow on this compound.
The change from anaerobic to aerobic growth conditions of S. faecalis var. zymogenes results in a dramatic change in metabolism. Lactate is not the major metabolic end-product during aerobic growth of Streptococcus species (e.g. Bryan-Jones & Whittenbury, 1969) . Thus, as might be expected, a lower synthesis of lactate dehydrogenase was observed during aerobic growth of S. faecalis var. zymogenes.
Peroxide is produced only during aerobic growth, and NADH peroxidase activity was more than 20-fold greater under aerobic than anaerobic growth conditions. Oxidation of NADH, whether by the oxidase present in the supernatant fraction or the particulate fraction, was likewise much greater in aerobically grown than anaerobically grown bacteria.
The data on NADH peroxidase contrasts with the results of D o h (1953, 1955) , who used S. faecalis strain lOCl and found much NADH peroxidase activity in anaerobically grown bacteria. We therefore repeated the experiment using S. faecalis strain lOCl grown on 8 mwglycerol or 4 mM-glucose. Similar levels of the peroxidase were found under aerobic and anaerobic growth conditions. There is thus a different pattern of induction of NADH peroxidase between the two species.
Inclusion of haematin in the medium during aerobic growth stimulated catalase synthesis, as has been reported previously (see Knowles, 1980; Clarke & Knowles, 1980) . During anaerobic growth catalase was not formed on addition of haematin to the medium. This is because H202 would not be formed under these growth conditions. It was, however, surprising that formation of catalase in the haem-containing aerobic medium did not result in a decreased synthesis of NADH peroxidase. Catalase activity removes toxic H 2 0 2 without utilization of valuable NADH, which can be oxidized by the haem-induced, energytransducing respiratory system (Clarke & Knowles, 1980) . A possible reason for the continued high level of synthesis of NADH peroxidase is the high apparent K , of catalase (Clarke dz Knowles, 1980) ; NADH peroxidase, with a low K , for H,02 (Dolin, 1957) , would scavange smaller concentrations of H202. Superoxide dismutase activity was also shown to be unaffected by addition of haematin to the medium (Clarke & Knowles, 1980) . Unlike NADH peroxidase, soluble NADH oxidase activity of bacteria grown aerobically in the presence of haematin was lower than in haem-free medium. Conversely, particulate fraction NADH oxidase was induced by addition of haematin under aerobic growth conditions. Unexpectedly, some membrane-bound NADH oxidase activity was observed in bacteria grown in haem-free medium, under either aerobic or anaerobic growth conditions, although the presence of this activity was not associated with energy-transduction either to fumarate (see above) or to oxygen (Clarke & Knowles, 1980) . It is possible that media to which haematin had not been added contained undetectable traces of haematin or a haemoprotein (see Knowles, 1980) , permitting limited, but again spectroscopically undetectable, formation of cytochromes. If so, they were present in insufficient quantities to cause induction of catalase.
This work was supported by the Science Research Council via grant no. GR/A/38465 to C. J. Knowles.
